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ABSTRACT
The product of the murine Hoxd-4 (Hox-4.2) gene is a
transcription factor that acts upon an autoregulatory
element In Hoxd-4 upstream sequences (1). Using this
activity as an assay in transient transfections of P19
embryonal carcinoma (EC) cells, we performed a
mutational analysis to map functional domains in the
HOXD-4 protein. The importance of the homeodomain
was shown by a single amino acid change in this region
that abolished activity. Deletion analysis revealed that
many evolutionarily conserved regions outside of the
homeodomain were dispensable for activation in our
assay. Fusions to the GAL4 DNA-binding domain
mapped a transcriptional activation function to the
HOXD-4 proline-rich N-terminus. The proline-rich
transcription factor AP2 squelched activation by
HOXD-4 and by GAL4/HOXD-4 N-terminus fusion
proteins. Together, these results suggest that HOXD-4
harbors a transcriptional activation domain of the
proline-rich type.

INTRODUCTION
The homeotic genes of insects and the Hox genes of vertebrates
are evolutionarily related families represented over a broad range
of animal species (2). Homeotic and Hox genes exert their effects
through the transcriptional regulation of target genes, few of
which have been identified. The best characterized example is
the Drosophila homeotic gene Deformed (Dfd). The Dfd protein
has been shown to positively regulate the expression of its own
gene (3). A minimal Dfd autoregulatory enhancer has four high
affinity Dfd binding sites (4).
DNA-binding is mediated by the 61 residue homeodomain

encoded by the highly conserved homeobox (5-7) and found
in the C-terminal half of the protein. Apart from the
homeodomain, other regions of the Hox and homeotic gene
products are also conserved. Most notable is the so-called
conserved pentapeptide (8, 9), a domain found just N-terminal
to the homeodomain of many Antp class homeoproteins. Regions
of some conservation are also found immediately C-terminal to
the homeodomain and at the extreme N-terminus (2). The extent
of homology is greatest amongst members of the same subfamily.

Other regions can be identified based on amino acid content or
character, rather than percent identity. For example,
homeoproteins of the Dfd subfamily have a proline-rich region
in the N-terminal half of the molecule (10-12). The C-terminus
of the mouse HOXD-4 protein is very serine-rich (10).
Determining the roles of these regions is an important approach
to understanding differential function among the Hox gene
products.
Via transient transfections of P19 embryonal carcinoma (EC)

cells, we have recently identified an autoregulatory element of
the murine Hoxd-4 gene (1). This activity provided us with an
assay by which to assess the functional contributions of regions
within the HOXD-4 homeoprotein to transcriptional activation.
In a complementary test, HOXD-4 residues were fused to the
GAL4 DNA-binding domain to map transcriptional activation
functions. Using these approaches, we have shown that many
regions of HOXD-4 are dispensable for activation of the Hoxd-4
promoter in our assay. The proline-rich N-terminus of HOXD-4
is a strong transcriptional activation domain.

MATERIALS AND METHODS
Plasmids
We use the recently adopted Hox nomenclature (13). Old Hox
names are given in brackets on first use. Two sequencing errors
and an error in the Hoxd-4 cDNA were included in the previously
published sequence of Hoxd-4 (10). The corrected sequence
results in the following changes: G39 to S39, R95 to P95, and
P192 to S192 (Fig. 1). Note that with S192 the sequence of the
HOXD-4 homeodomain now shares 100% identity with that of
human HOXD4 (9). The sequence of Hoxd-4 in the GenBank
database has been revised appropriately (accession number
J03770).
Hoxd-4 expression vectors were based on the murine

phosphoglycerate kinase-I (pgk-J) promoter and 3' processing
sequences (14) which were a kind gift of Dr Michael McBumey.
Hoxd-4 coding region sequences were obtained from cDNA and
genomic clones (10) and inserted between the pgk-J elements
in pBluescribe (Stratagene). The unique Xhw I, Bam HI, and Xba
I sites (Fig. 2) were engineered via PCR-mediated mutagenesis
and standard recombinant DNA techniques.
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Sequences naturally flanking the ATG of the third codon
conform to a Kozak consensus (15) whereas those for the first
codon do not (10), suggesting that translation of Hoxd-4
transcripts begins with the methionine at position 3 (Fig. 1).
Creation of the Bam HI site involved restriction at a Bal I site
and removed approximately 300bp of leader sequence and the
upstream initiation codon (MI) (Fig. 1). The Kozak consensus
at the initiation codon for M3 was lost in this process. A Kozak
consensus sequence was restored by site-directed mutagenesis
to give the expression vector p4.2 (Table 1). p4.2-transfected
cells synthesize a product recognized by polyclonal antibodies
directed against the HOXD-4 N- and C-termini (Fig. 3). The
apparent size of this protein on Western blots is larger than
expected, also noted for the products of the chicken Hoxd-4 and
Hoxa-4 homologs which are also proline-rich (16).
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Figure 1. A. Primary amino acid sequence of HOXD-4 given in one-letter code.
Constructs used in these studies are derived from p4.2 and express a HOXD-4
protein starting with the second methionine at position 3 (underlined). The
homeodomain is boxed, and the conserved pentapeptide underlined. Corrections
to the previously published sequence of HOXD-4 (10) are noted in Materials
and Methods. B. Features of HOXD-4 used to guide a mutagenesis strategy.
Numbering as in A above.

Derivatives of p4.2 mutated in the Hoxd-4 coding region were
generated by oligonucleotide-directed mutagenesis on single-
stranded DNA (deletions and substitutions) and by standard
recombinant DNA techniques (Table 1). The procedure of Kunkel
et al. (17) was used for site-directed mutagenesis. All mutants
were verified by sequencing of double-stranded DNA by the chain
termination method (18). Mutant vectors gave products of
appropriate size in Western blot analysis.
The construction of the luciferase reporter pSXAP2 under the

control of the Hoxd-4 promoter/autoregulatory element is
described elsewhere (1). An expression vector for the GAL4
DNA binding domain (residues 1 to 148) was made from the
vector pSG5Gal-VP16 (19) (kind gift of Dr John White) by
enzymatic removal of VP16 coding sequences. Hoxd-4 coding
sequences were introduced in frame with the Gal4 coding region.
The GAL4-responsive luciferase reporter pXPAL7 was made by
PCR amplification of the promoter region of the vector pAL7
(20) (kind gift of Dr John White) and transfer to the luciferase
vector pXP1 (21). Luciferase reporter p34a was made by
H.Popperl (unpublished). All constructs were verified by
sequence analysis. The AP2 expression vector sp(RSV)AP2 was
a kind gift of Dr Trevor Williams (22).

Cell culture, transfections and enzymatic assays
P19 EC cells were cultured and calcium phosphate transfection
assays performed as described previously (1). Transfections of
differentiating cells were done 48 hours after retinoic acid (RA)
addition to 3 x 10-7M. For assays on the Hoxd-4 promoter, each
dish received Ilg of expression vector, 4isg of luciferase reporter
pSXAP2, and lsg ofpRSVlacZ as internal standard. For assays
with GAL4 fusions, the amount of expression vector was reduced
to lOOng. Precipitates for each 100mm dish were brought to 10atg
total DNA with supercoiled pBluescribe (Stratagene). All
luciferase values were normalized to those for ,B-galactosidase.

Antibody production and Western analysis
Fusions of the N-terminal half or C-terminal half of HOXD-4
to the amino terminus of trpE were accomplished through the
pATH2 and pATH3 vectors, respectively (23). Immunizations
were according to Harlow and Lane (24). Approximately 125Itg

Table 1. Mutations in the Hoxd-4 coding region

Vector Manipulation Nucleotide sequence across site of mutationa Protein sequence across Residues
junctionaib alteredc

p4.2 deletion, insertion J: GACCTGCAAGGATCCA/CCATGAGTICGTAT 3 /MSSYM 7 1 and 2
pdlB deletion 0: 1TGGTATATATGGTGAACTCAGGGTGGCrACC 3 MSSYMVN/LQGGY 28 10 to 23
pdlAB deletion 0:GCAAGGATCCACCATG!TCAGGGIGGCTACC 3 M/LQGGY 28 4 to 23
pdlD Acc VlEco RI deletion 0: CTiTC/CACGTG 128 PAVV/f/HVNS 142 132 to 138

and adaptor insertion 0: AATTCACGTG/GA/
pdlG deletion 0: GAAAAAAGACCACAAAAJGCAGGTC1TCTTCCT 209 KDHK/GRSS 221 213 to 217
pdlGH deletion 0: GAAAAAAGACCACAAAJFAGAAGTGGGGACCTT 209 KDHK/x 213 to 250
psbK201 substitution 0: CAAGATCTGGTTClA/AGAACCGGAGGA 197 KIWF/k/NRRM 205 201
psbY199 substitution J: GATCAAGATCT/AT/TICCAGAACCGG 195 QIKI/y/FQNR 203 199
p4.2FS BgI II, blunt, ligate J: CAGATCAAGATC/GATCTGGTT 195 QIKI/dlv... 199 onward

"'J', for junction, indicates the sequence across the site of mutation. 'O' designates the actual oligonucleotide used in the mutagenesis. Slashes indicate boundaries
between regions juxtaposed or created as a result of the manipulations.
bSmafi letters indicate amino acids not found in the wild-type HOXD-4 protein. 'x' indicates the presence of a termination codon in the corresponding transcript.
Numbering as in figure 1.
cIncludes deletions and substitutions. Numbering of altered residues is inclusive.
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of each induced fusion protein were electroeluted from
SDS/polyacrylamide gels, lyophilized, resuspended in 500AI
water and emulsified with 500,ul of complete Freund's adjuvant.
Rabbits were injected subcutaneously at 4 sites each, 250/d per
site. Boosts were given at 4 week intervals using incomplete
Freund's adjuvant. Serum was obtained at the same time by ear
bleeding (25ml) or by cardiac puncture 4 weeks after the third
boost. Western blots were performed with Biorad minigel and
minitransfer modules and a Biorad immunoblotting kit. A 1:100
dilution of the primary antibody was used with aLkaline
phosphatase-conjugated goat antirabbit second antibody. The
availability of antisera independently directed against the
HOXD-4 N- and C-termini allowed us to assess the levels of
proteins mutated in one domain by using antiserum directed
against the other, thus avoiding detection problems due to epitope
loss.

RESULTS
The Hoxd4 coding region
The HOXD-4 protein can be divided into 8 regions based on
homologies within and beyond the Dfd subfamily of proteins,
and on the basis of amino acid composition (Fig. 1). We used
these to guide a mutational analysis of HOXD-4 structure and
function (Table 1). To assay HOXD-4 activity, we relied on its
ability to activate transcription through an autoregulatory element
in the Hoxd-4 promoter in transient transfections of P19 EC cells
(1). The wild-type expression vector for HOXD-4 (p4.2) and the
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Figure 2. A. HOXD-4 expression vectors. Top: As indicated, the expression
vector p4.2 contains Hoxd-4 coding sequences flanked by the murinepgk-l (14)
promoter and polyadenylation signal in pBluescribe. Direction of transcription,
homeobox, start and stop codons and various restriction enzyme sites are given.
Bottom: The control expression vector p4.2FS contains a frame-shift mutation
at the Bg1II site in the homeobox. Not to scale. B. Luciferase reporter pSXDP2
is based on the vector pXP2 (21). It consists of tandem SV40 polyadenylation
signals upstream of the firefly luciferase coding region (51) flanked 3' by a single
SV40 polyadenylation signal. Hoxd-4 promoter sequences (-393 to -3100
upstream of the start codon) are located in the multi-cloning site just 5' to the
luciferase gene. Presumptive transcriptional start sites (10, 52) are given by
subtended arrows. R and A indicate the presence of a retinoic acid response element
(53) and an autoregulatory element (1), respectively. Not to scale.

HOXD-4-responsive luciferase reporter under the control of the
Hoxd-4 promoter (pSXAP2) are diagrammed in Figure 2.

After transfection into pluripotent and RA-treated P19 cells,
p4.2 directed the synthesis of a product reactive on Western blots
with antibodies against HOXD-4 (Fig. 3). Mutated derivatives
of p4.2 were also examined for the production of immunoreactive
species which were detected in all but four cases (Fig. 4). One
of these four was p4.2FS which had a frame shift mutation in
the homeobox in the region coding for the recognition helix (Table
1; Fig. 2). Transcriptional activation by p4.2 and its mutated
derivatives was expressed as the ratio of standardized luciferase
activity over that obtained with p4.2FS.

Transcriptional activation by mutant HOXD-4 proteins
Site-specific binding by the homeodomain is in part mediated by
the third a helix (recognition helix) which makes contacts in the
major groove (25-32). A key determinant of specificity is the
residue at position 50 of the homeodomain, within the recognition
helix (33 -35). Substitution for lysine converts the specificity of
binding to that of the bicoid homeodomain (30). As for all Hox
and homeotic gene products, HOXD-4 has a glutamine at this
position (Q201, Fig. 2). Conversion of this glutamine to lysine
abrogated activation of the Hoxd-4 promoter (sbK201, Fig. 4)
and abolished binding to a HOXD4 binding site in an
electrohoretic mobility shift assay (data not shown). Nonetheless,
this protein gave a band intensity comparable to wild-type on
Western blots. This result underscores the importance of the
homeodomain in transcriptional activation by HOXD4. The
tryptophan at position 199 ofHOXD4 is highly conserved and
has been implicated in homeodomain function by genetic and
structural observations. Conversion to a tyrosine residue (sbYl99,
Fig. 4) resulted in the loss of a detectable product on Western
blots and a severe reduction in transcriptional activation.

Deletion of conserved N-terminal regions B, or A plus B (dlB
and diAB, Fig. 1 and 4), did not greatly affect HOXD-4 function,
though the activity of dlAB was somewhat elevated. Products
bearing deletions of much of the proline-rich region C or the

RRA + RA

97K -

66K -

43K-

,1 2 4.
31 K-

2 3~ 4 5 6

Flgure 3. Western blot detcon of HOXD-4 proteins in extracts of transfected
cells. Extacts were ppared from pluripotent (-RA) and differntating (+RA)
P19 EC cells which had been mock-transfected (mock) or transfected with 4Wg/plate
of p4.2 or pdlD expression vectors (Fig. 4). 50,ug of protein were loaded per
lane. A lacZ expression vector was included to monitor transfection efficiency
which was 1.8 fold higher in lane 2 than lane 3, and 1.2 fold higher in lane 5
than lane 6. Size markers in kilodaltons, as well as the position ofHOXD-4 protein
(anrow), are given at left.
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Promoter pML pNBML the autoretulatory enhancerC
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'HOXD-4 and two derivatives, dID and dIG, were tested for specific activation
22 7 (9) + through the autoregulatory enhancer in the Hoxd-4 promoter in RA-treated P19

cells. Appropriate expression vectors were tested at 1 tg/l00mm plate in
12 : 5 (5) + cotransfections with luciferase reporters pML and pNBML. pML contains the

adenovirus major late promoter. In pNBML, the 217bp Nrnd/BamHI fragment
3 + 2 (3) + containing the Hoxd-4 autoregulatory element has been inserted just upstream

of the adenoviral TATA box (1).
11 1 (2) n.d. blThe fold increase over basal promoter activity mediated by HOXD-4 expression

vectors is shown.
I 0 (3) + cThe ratio of fold activation obtained with pNBML over pML.
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Figure 4. Effect of coding region mutations on transcriptional activation by
HOXD-4 in pluripotent (-RA) and RA-treated (+RA) P19 EC cells. At top,
representation of the wild-type HOXD-4 product of the p4.2 expression vector,
divided into regions and lettered according to Figure 2. The homeodomain (region
F) is stippled. Along left, names of mutants indicating deletion (dl), substitution
(sb) or other alteration. 'A-4' designates the C-terminus of the Hoxa-4 product.
Single amino acid substitutions within the homeodomain at positions 199 and 201
are indicated. HOXD-4FS denotes the frame-shifted product of the p4.2FS
expression vector. 'FOLD ACTIVATION' gives the ratio of luciferase activity
in co-transfections with vectors encoding given HOXD-4 proteins over that obtained
with the control vector p4.2FS. Activation by HOXD-4 was set to 14 (the average
over multiple experiments) and other values normalized accordingly. Standard
deviations are shown. The number of independent experiments for a given construct
is given in brackets. '+' under 'WESTERN' indicates that a given protein could
be detected at wild-type levels on Western blots of transfected cell extracts using
rabbit polyclonal serum directed against the HOXD-4 N- or C-terminus (see
Materials and Methods). 'n.d.' not determined.

entire N-terminal half of HOXD-4 could not be detected in
Western analysis. A six amino acid deletion which removed four
of the five amino acids of the conserved pentapeptide (8, 9) (dID,
Fig. 1 and 4) was 2.6 fold more active for transcriptional
activation in pluripotent P19 cells. A five amino acid deletion
of the conserved region G immediately C-terminal to the
homeodomain (dlG, Fig. 1 and 4) also caused a modest increase
in HOXD-4 activity. Full deletion of the C-terminus, including
the serine-rich region H (diGH, Fig. 4), impaired the ability of
HOXD-4 to activate the Hoxd-4 promoter. Replacement with the
C-terminus of the paralogous Hoxa-4 (Hox-1.4) product (sbHA-4,
Fig. 4) restored activation to wild-type levels. Results were
similar in both pluripotent and RA-treated P19 cells.
To ensure that transcriptional activation by HOXD-4

derivatives was mediated by the autoregulatory enhancer in the
Hoxd-4 promoter, we tested three HOXD-4 vectors on two
different promoters. One was a minimal adenovirus major late
promoter, while the other had, in addition, the Hoxd-4
autoregulatory enhancer (1). As shown in Table 2, wild-type
HOXD-4 as well as derivatives dlD and dlG were considerably
more active on the promoter containing the autoregulatory
element (pNBML). Consistent with results on the Hoxd-4
promoter (Fig. 4), dlD is more active than wild-type. We
conclude that the effects of HOXD-4 derivatives are mediated
through the Hoxd-4 autoregulatory enhancer.
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Figure 5. Mapping of transcriptional activation domains in HOXD-4 by fusion
to the GAL4 DNA binding domain. A. Schematic of luciferase reporter used
to measure transcriptional activation by GAL4 derivatives. The promoter (20)
consists of the adenovirus-2 major late TATA box and transcriptional start site
(subtended arrow) downstream of five copies of the 17-mer GALA dimer binding
site (boxed open arrows). B. Transcriptional activation with fusions of the GALA
DNA binding domain to N- and C-terminal regions of HOXD-4. GAL4 is stippled.
HOXD-4 regions (open rectangles) are lettered as in Figure 4. Numbers below
indicate amino acid residues as in Figure 1. C' is a subregion of C as indicated.
HA-4 is the HOXA-4 C-terminus. 'FOLD ACTIVATION' gives the increase
in luciferase activity relative to that obtained with the GAL4 DNA binding domain
(GAL/). Standard deviations and the numbers of independent experiments are
shown. '+' under 'WESTERN' indicates that the protein could be readily detected
in extracts from transient transfections using polyclonal antibodies directed against
the HOXD-4 N-terminus. n.d. not determined.

A transcriptional activation domain in the HOXD4 N-
terminus

While the intact yeast GAL4 protein is a strong transcriptional
activator of responsive promoters in eukaryotic cells, the isolated
GAL4 DNA-binding domain is not. Fusion of the GAL4 DNA-
binding domain to heterologous polypeptides thus provides an
assay for transcriptional activation domains distinct from those
involved in DNA binding (36). HOXD-4 N-terminal regions A
through D were fused to the GAL4 DNA-binding domain and
tested for their ability to activate transcription from a

GAL4-responsive reporter in differentiating P19 cells. As shown
in Figure 5, this fusion product (GAL/ABCD) was 250 times
more active than GAL/ which has the GAL4 DNA-binding
domain alone (507 fold vs 2 fold). This result maps one or more

transcriptional activation domains to the proline-rich HOXD-4
N-terminus.
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Table 3. Transcription factor AP2 inhibits transcriptional activation by proteins
having the HOXD-4 proline-rich N-terminusa

Aceivator HOXD-4 HOXD-4 GAL/ABCD GAL/C' GAL/VP16
Promoter Hoxd-4 P34a pXPAL7 pXPAL7 pXPAL7
Squelching
vector.

none 11 (100) 8 (100) 193 (100) 9 (100) 2,850 (100)

AP2 0.45g 3 (28) 3 (38) - - -
1.Opg 2 (15) 2 (25) 5 (3) 1 (12) 1,950 (68)

GAWA'P16
L.OUR 26 (229) -

aAcidic and proline-rich transcrpitional activators were tested for their ability to
squelch activation by HOXD-4 and by three GAL4 chimeras. Combinations of
activating proteins and luciferase reporters are given on top. pSXAP2 carries the
Hoxd-4 promoter (Fig. 2B). p34a has multiple HOXD-4 binding sites upstream
of the adenovirus major late promoter. pXPAL7 has 5 palindromic binding sites
for GALA placed upstream of the adenovirus major late promoter (Fig. 5). 0.4
or 1.0 itg of the AP2 expression vector, or 1.0 lAg of the GALNVP16 expression
vector was cotransfected with fixed amounts of the HOXD-4 expression vector
p4.2 (1 sg/plate) or expression vectors for activating GALA fusion proteins (0.1
,ag/plate). values are the fold activation over basal promoter levels mediated by
activating proteins in the absence and presence of factors tested for squelching.
Numbers in brackets are the percentage of activation in the absence of factors
tested for squelching.

Deletion of regions A and B from HOXD-4 had no effect on
transcriptional activation (Fig. 4), indicating a role for regions
C or D in N-terminal function. Fusion of the GAL4 DNA-binding
domain to just a portion of the proline-rich region C (GAL/C';
residues 24 to 109) also increased activation GAL/ (Fig.5). This
suggests that region C spans a transcriptional activation domain
of the proline-rich variety (37).

Deletion and substitution mutants suggested a role in
transcriptional activation for the HOXD-4 C-terminus and the
equivalent region of the Hoxa-4 product (Fig. 4). However,
fusion of the GAL4 DNA-binding domain to the HOXD-4 C-
terminus (GAL/H) had no effect on amnscriptional activation (Fig.
5). A similar result was obtained with the HOXA-4 C-terminus
(GAL/HA-4). Coexpression of either of these products with
GAL/ABCD did not result in any synergistic activation of
reporter gene expression (not shown). The role of these C-
terminal sequences thus remains to be determined.
The transcription factor AP2 has been shown to harbor a

transcriptional activation domain of the proline-rich variety (22)
and would be expected to squelch the activity of HOXD-4, if
HOXD-4 also contains a proline-rich activation domain.
Cotransfections with an expression vector for the AP2
transcription factor revealed an inhibition of HOXD-4 activity
on both artificial and Hoxd-4 promoters (Table 3). By contrast,
a GAL/VP16 expression vector did not squelch the activity of
HOXD-4 on the Hoxd-4 promoter (Table 3). In fact, we note
a two fold increase in luciferase activity in this case. This is not
due to an effect of GAL/VP16 on the Hoxd-4 promoter (data
not shown). Cotransfections with a luciferase reporter under the
control of the pgk-1 promoter showed a 10 and 50% repression
by 0.4 and 1.0%g of AP2 expression vector, respectively. It is
thus possible that AP2 may be decreasing the production of
HOXD-4 from the pgk-l-based expression vector. However, this
could not account for the repressive effects ofAP2 on HOXD-4
activity since decreasing the amount of the HOXD-4 expression
vector by 2 fold does not decrease activation of the Hoxd-4
promoter (data not shown).

Activation of the GAL4-responsive reporter by GAL/ABCD
and GAL/C' was also inhibited by cotransfection with the AP2

expression vector (Table 3). AP2 did not significantly squelch
the activity of the acidic activator GAL/VP16. Because all GAL4
constructs were expressed from the same promoter, these
differences cannot be accounted for by differential effects of AP2
on the expression of Gal4-containing genes. These results suggest
that AP2 is able to squelch HOXD-4 activity due to competition
for mutually required auxiliary factors necessary for the function
of proline-rich, but not acidic, ftrnscriptional activation domains.

DISCUSSION
HOXD-4 activates transcription from an autoregulatory element
in Hoxd-4 upstream sequences in transient transfections of P19
cells (1). We used this activity to assess the effects of various
deletion and substitution mutations of the Hoxd-4 coding region.
Fusions to the GAL4 DNA-binding domain were also used to
assay regions of the HOXD-4 protein for tanscriptional activation
domains.
The importance of the DNA-binding homeodomain for

HOXD-4 activity was clearly established by a single residue
change within the recognition helix; conversion of glutamine at
position 201 to lysine, a change expected to alter binding-site
specificity (34, 35), abrogated transcriptional activation by
HOXD-4. We have confirmed that this mutation impairs
recognition of the HOXD-4 binding site in band shift assays (not
shown). We conclude that the activation of the Hoxd-4 promoter
by HOXD-4 requires the homeodomain, unlike some
homeodomain-independent activities noted for other proteins
(38, 39).
A pentapeptide motif (consensus VYPWM) (8, 9) is located

N-terminal to the homeodomain in Antp class homeoproteins and
in the labial subfamily. It is not present in Abd-B, nor in Abd-
B-like vertebrate proteins described to date (40). In our assay
we did not observe a dramatic change in activity upon deletion
of the pentapeptide motif (Fig. 4). Though a possible explanation
is that P19 EC cells lack cofactors which could modulate
homeoprotein activity through the pentapeptide motif, we
obtained similar results in transfections of differentiated P19 cells
(Fig. 4). We were also unable to detect activity for conserved
regions A and B at the extreme N-terminus of HOXD-4.
Conservation suggests function, therefore we conclude that
transient transfections of P19 cells cannot reveal all the
biochemical activities of homeoprotein molecules.

C-termini have been implicated in quantitative roles in
homeoprotein function (41). Deletion of residues C-terminal to
the HOXD-4 homeodomain (diGH, Fig. 4) reduced activity on
the Hoxd-4 promoter, and this could be rescued by replacement
with the HOXA-4 C-terminus. However, neither was able to
confer activity on the GAL4 DNA-binding domain (GAL/H and
GAL/HA-4, Fig. 5). Nor did they cooperate with the HOXD-4
N-terminus in cotransfections with GAL/ABCD (not shown).
Others report a mild (4 fold) increase in HOXD-4 activity upon
deletion of regions G and H (42). However, these earlier studies
made use of high levels of transfected Hoxd-4 expression vectors
(5gg/plate) in HeLa cells. We have also noted 4 to 6 fold increases
over wild-type in the activity of HOXD-4 C-terminal deletions
at 2 4/Ag/plate of transfected expression vector (unpublished
observations). The significance of these increases at such high
vector concentrations is not clear.

In Dfd, the region N-terminal to the homeodomain is 365
residues long, whereas in HOXD-4 it is 149 residues. Within
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these regions, there is little sequence conservation apart from
the extreme amino terminus and the region of the pentapeptide.
Moreover, we have no direct evidence for transcriptional
activation domains in either of these conserved regions. N-
terminal to the homeodomain, Dfd has regions up to 10% in
proline, but has domains richer in histidine, serine, glycine and
acidic residues (43). By contrast, the HOXD-4 N-terminal half
is proline-rich and displayed strong transcriptional activation
function when fused to the GAL4 DNA-binding domain
(GAL/ABCD, Fig. 5). Region C of HOXD-4 is 21% in proline.
A 74 residue stretch of region C (residues 48 to 121) is 30%
proline. Most of region C was fused to the GAL4 DNA-binding
domain and conferred an 11 fold activation above background
(GAL/C', Fig. 5). This is less than with the whole HOXD-4 N-
terminus (371 fold), but comparable to that seen with the
CTF/NF-1 proline-rich region fused to the SPI DNA-binding
domain (5 fold)(44).
The decreased activity of GAL/C' suggests additional activity

in regions A, B or D. However, deletion of these regions did
not impair HOXD-4 function (Fig. 4). It should be noted that
7 proline residues between positions 109 and 141 are missing
from GAL/C', and the absence of this stretch may have been
detrimental. Moreover, using extracts of transiently transfected
cells, GAL/C' gave a less intense retarded band than GAL/ABCD
in electrophoretic mobility shift assays with a GAL4 binding site
(not shown). It is thus not clear for the moment whether the
reduced activity of GAL/C' relative to GAL/ABCD is due to
the loss of complementing residues. A HOXD-4 protein
containing a duplication of residues 6 to 81 appears to be much
more active than the wild-type protein (42). This stretch is
proline- and glycine-rich and straddles much of the region we
have called C', supporting a role for these residues in
transcriptional activation.

Squelching (45) is a phenomenon whereby one transcription
factor can inhibit the activity of another independent of both its
ability to bind DNA and to directly interact with the inhibited
protein. AP2 has a proline-rich transcriptional activation domain
(22) and is able to squelch HOXD-4 activity, but not that of the
acidic transcriptional activator GAL/VP16 (Table 3). Neither is
GAL/VP16 able to squelch HOXD-4. These data support the
presence of functionally similar proline-rich transcriptional
activation domains in AP2 and HOXD-4 that are distinct from
that of GAL/VP16. AP2 expression overlaps with that of many
Hox genes both spatially and temporally in development. Tissues
expressing both include neural crest, limb bud mesenchyme and
the meso- and metanephros (46). Overlapping expression and
similar proline-rich transcriptional activation domains may
suggest cooperation between HOX proteins and AP2 in
embryonic patterning.
Our results strongly suggest that a transcriptional activation

domain of the proline-rich type (37) contributes to the activity
of the HOXD-4 N-terminus, and that proline-rich domains of
other homeoproteins may function in a similar capacity. HOX
proteins with proline-rich N-terminal regions ( 20% over at least
60 residues) include the HOXD-4 paralogs HOXA-4 (11),
HOXB-4 (12) and HOXC-4 (47). Others have suggested that the
proline-rich N-terminus of chicken HOXA-4 functions as a
transcriptional activator, though their results are difficult to
interpret due to competitive effects on the high endogenous
activity of a Jun-responsive reporter (48). By contrast, the
background in our GAL4 assay is low.

Dfd itself does not have proline-rich domains. Nonetheless,
human HOXD4 can substitute for Dfd for the activation of the
Dfd transcription unit in flies (49). In addition, the Dfd
autoregulatory enhancer may respond to Dfd subfamily Hox
products in mice (50). These data suggest that for some of the
genetic pathways regulated by Dfd subfamily members,
transcriptional activation can be accomplished by disparate
domains. We also note that many Hox genes do not encode
proline-rich regions, suggesting that these proteins use
functionally distinct transcriptional activation domains. In the
embryo, where the products of multiple Hox genes may bind
responsive enhancers in various combinations, the specific array
of such regulatory domains could be an important determinant
of the transcriptional response.
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